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Abstract Orthokinetic agglomeration is a candidate
mechanism for selectively increasing proppant size in large
fractures during subsurface flow. The rate of agglomeration
shows a maximum at shear rates of 275 s-1 suggesting that
the ability to selectively grow particles depends on the
hydrodynamics. Growth rates are shown to increase with
increasing ion availability per unit surface area. The
availability of solution ions and the average shear rates are
the key parameters determining agglomeration. Precipi-
tated species act as bridging ‘‘glue’’ between particles.
Reduced growth rates are found for higher particle con-
centrations and also for larger particle size. This result has
possible applications for shear-selective mechanical
blocking which can be applied to solve the problem of high
conductivity paths in fractured reservoirs for both tradi-
tional oil recovery as well as geothermal heat mining from
fractured basement.
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n Number density in size class
















N Average overall particle sizes
Introduction
Particle suspensions in fluids are used in various aspects of
petroleum production. These include drilling muds in wells
and proppants in fractures. The latter category includes a
number of options for various stages of the production
process. Currently the best known application is in
unconventional gas where the role of particles is to keep
fractures open following high-pressure hydraulic fractur-
ing. In oil recovery the problem is pre-existing rather than
stimulated fractures, which provide a high conductivity
path for secondary production injected water to break
through to the producer well. This limits the amount of oil
that can be swept in the permeable matrix. In this case
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proppants are used to reduce leak-off via fractures. The
same effects are also observed in enhanced geothermal
systems where following stimulation it is desirable to block
high conductivity paths (i.e. large fractures) so that the heat
is more efficiently extracted (Brown et al. 1999).
The common element in all these applications is the
introduction of small particles suspended in the injection
water. Proppant materials are pumped in suspensions into
fractured unconventional shale gas reservoirs to prop open
fractures and maintain conductivity (Smith and Shlyapu-
bersky 2000). Silica micro-particles are introduced in
fractured oil reservoirs to block pores and reduce fluid
leak-off. In oil reservoirs larger fractures divert a dispro-
portionately large amount of the injected water and prevent
efficient matrix penetration and permeable reservoir sweep.
These fluid diversions are known as subsurface ‘‘short-
circuits’’. They are also a feature of fractured enhanced
geothermal systems. Most geothermal reservoirs occur in
fractured basement such as granite where permeable flow is
impossible. Short circuits mean that heat is not efficiently
recovered, and high flows of unheated water are obtained
rather than a smaller flow with higher quality heat.
In both oil and geothermal cases, fluid diversion thus
results in non-optimal use of the energy resource stored in
the reservoir (Chilingarian et al. 1989). Managing such
short-circuits becomes a significant challenge for reservoir
engineers and operators. The classic reservoir techniques
for fracture shut-off applied to oil/gas reservoirs, such as
cementing or polymer injection, have the problem that they
are not fracture-size selective (Schechter 1992).
In this paper, we explore the application of orthokinetic
agglomeration of particles which could be used to selec-
tively shut off larger fractures. This lowers fluid losses by
fracture leak-off and could also be applied to selectively
increase proppant size in large fractures. We couple a flow
characteristic of large fractures to cause selective material
blocking in them and not in small fractures. The questions
are: (1) are the shear rates at which this agglomeration
occurs relevant for subsurface flow of injected fluids and
(2) what are the rates and are they fast enough? ‘‘Back-
ground’’ outlines the physical processes we seek to exploit.
An experimental description follows in ‘‘Experiment’’ and
the results are discussed and analysed in ‘‘Results and
discussion’’.
Background
In a reservoir with fractured connectivity there are a mul-
titude of fractures and none of them will be simple single-
dimensioned conductive routes. Nevertheless, the size
selective shut-off problem can be reduced conceptually to a
comparison of a small and large fracture pair extending
between injector and producer. The basic principle of a low
and high resistance path can thus be represented as in
Fig. 1. There is a fixed pressure drop between the two ends
of the fracture network—the injection well at one end and
the producer at the other. If the large fracture aperture is 10
times that of the small fracture, then 1,000 times as much
water passes through the large fracture compared to the
small one due to the cubic dependence of flow rate on
fracture height given by the Hagen–Poiseuille relationship.
In a hydrocarbon reservoir, injected water is diverted away
from optimally sweeping the reservoir permeable zones
and driving oil through the porous matrix to the production
well (Zimmerman and Bodvarsson 1996).
In the oil reservoir we need a fluid property related to
the fracture size which can be coupled to particle growth.
Such a property is the fluid shear to which two properties
can be coupled:
• The shear is proportional to fracture width and there-
fore is larger in large fractures than in smaller ones.
• Suspensions of small particles agglomerate faster under
high shear conditions in the process of ‘‘orthokinetic
agglomeration’’.
The first observation follows from the Hagen–Poiseuille
equation. For flow within fractures the shear rate at the wall
cw is determined by the fracture aperture height h and the
pressure drop dP between the injection and producer wells







The second observation relates to shear-induced
agglomeration processes. In general, particle
agglomeration can be attributed to two physical causes.
Brownian motion results in isokinetic agglomeration which




Fig. 1 Schematic of dual fracture system for competitive flow in
fractured connectivity systems
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particle collision rates increase with shear: at higher shear
rates, layers of fluid (with suspended particles), move faster
past one another (Elimelech et al. 1995). Equation 1 shows
that the shear is larger in larger fractures. Orthokinetic
processes thus have potential to mechanically block or
narrow larger fractures selectively because of the faster
agglomeration processes in them due to larger shear. This
applies to both particles agglomerating with each other or
agglomerating with the fracture wall.
Smoluchowski (1917) first described the rate of collision
as dependent on the shear rate c, particle number concen-
tration n for particle i and j, respectively, and particle size
d:
rcol ¼ bijninj; ð2Þ
where the collision rate constant bij, between particle i and




ðdi þ djÞ3c ð3Þ
Not every collision leads to an agglomeration event, the
rate at which two colliding particles (i and j) agglomerate is
therefore different from the collision rate:
ragg ¼ kijninj ð4Þ
The fraction of collisions which lead to agglomeration
(either with another particle or with a wall) is defined by




The validity of this theory has been investigated both
numerically and experimentally (Balakin et al. 2012; Yates
et al. 2008) and has been shown to describe the relationship
between particle growth and collision rates. At moderate
shear rates this dependence is linear (Eq. 3), however, at
high shear rates where tensile forces are large, particle
disruption occurs resulting in breakup and reduced
agglomeration rates, which ultimately fall to zero
(Hollander et al. 2003; Colomer et al. 2005). Mumtaz
and Hounslow (2000) showed that for batch and continuous
experiments of the crystallization and growth of calcium
oxalate, the agglomeration rate constant which best fits the
data is particle size-independent. This convenient finding
allows the agglomeration rates described in Eq. 4 to be






Furthermore, Mumtaz et al. (1997) employed this
simplification to develop a model to quantify
agglomeration rate constants. Using the same
assumptions, the collision rate constant b can be
estimated using the average particle diameter for the
size-independent system and is given by a simplification of





The size-independent agglomeration rate constant kN
and collision rate constant bN can therefore be related
through total number concentration and mean particle
diameter—which can be determined experimentally.
These are all physical effects. However, the final result
is dependent on the sticking efficiency and this is a largely
chemical effect. It is determined by solution ionic strength
and counterion supersaturation (Mumtaz and Hounslow
2000; Ilievski and Livk 2006; Livk and Ilievski 2007).
Whereas shear forces promote collisions, it is the interac-
tion energy that determines sticking between particles. The
ionic nature of the solution influences these forces: ions
determine the surface charge and the ability of free ions to
shield surfaces charges. Mumtaz and Hounslow (2000)
describe supersaturation as providing a ‘‘bridging cement’’
between particles upon collision due to the precipitation of
mineral salts on the surface. Since the degree of supersat-
uration directly influences the rate of precipitation, the
sticking efficiency is expected to be positively correlated
with it. Huang et al. (1991) showed that in CaCO3 sus-
pensions Ca2? ions were the zeta potential determining
ion—ions that are free to move from the surface to the bulk
solution—and that surface charge increased with increased
Ca2? concentration. They also showed that increases in
surface charge resulted in increased particle–particle
repulsion and reduced agglomeration. Rashchi et al. (1998)
showed that Ca2? adsorption on silica was again the zeta
potential determining ion. However, in the presence of
carbonate ions, CaCO3 is precipitated, suggesting the
importance of supersaturation and precipitation as a way to
overcome the effects of high Ca2? adsorption and high
surface charges. Our experiments examine a combination




Inside a fracture, there is a distribution of shear rates
present. Shear is actually a tensor rather than vector
quantity and Eqs. 3 and 7 refer to the absolute magnitude
of the shear. The smallest value is c = 0 in the middle of
the fracture. Referring to the fracture pair Fig. 1, then for a
pressure gradient of 10 mbar/m in a 1 mm fracture, the
wall shear is 500 s-1 with an average of 250 s-1.
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Similarly there is a distribution of shear rates present in
stirred cells which are used in this study to shear fluids
containing suspended particles. In a stirred cell, the stirrer
speed, X, is used to vary the average shear rate according to








where NP is the power number, D is the paddle diameter, X
the stirrer speed and l is the fluid viscosity. This expression
for shear rate is derived from the total energy dissipation
rate. Spatial averages will bias the results, and the shear
experienced by particles will differ between their positions
in the cell (Hollander et al. 2003). Errors due to concen-
tration gradients in the stirred cell can be overcome by
sampling from numerous points in the batch system.
Batch tests in a stirred cell provide a controlled envi-
ronment to study particle systems maintained in suspen-
sion. The tests were performed in a glass cylindrical cell of
diameter 100 mm and height 140 mm with a square stirrer
paddle of 85 mm 9 85 mm, providing a well-defined
average shear rate. Particles were first sheared in deionised
water at a rate of 1,800 s-1 for 1 h to break up existing
agglomerates and were then measured for size. After this,
particles were sheared for 8 h at 100, 150, 200, 275 and
500 s-1 with an IKA-WERKE Eurostar digital electric
stirrer. Experiments were carried out under laminar con-
ditions as determined by Reynolds numbers for stirred
tanks.
Materials
Polydisperse industrial grade CaCO3 particles (‘‘Bara-
carb’’) were obtained from Halliburton Europe in size
classes with volume median diameters of 2, 5 and 25 lm.
(The number given after the name ‘‘Baracarb’’ designates
the size class based on this median diameter.) The particles
are produced from ground marble, resist size reduction
beyond their specified range and have a specific gravity of
2.7 g/cm3. They were chosen because of existing applica-
tion in the oil and gas industry.
Reagent grade CaCl2 and Na2CO3 provided by Sigma
Aldrich were used to make up two 4.2 mM solutions which
were then added to the particle suspension to obtain the
















The solubility product in water at equilibrium is
Ksp = 5 9 10
-9 giving a nominal solubility of 7 9 10-5
mol/l. Final solutions were therefore made up to a = 5, 10
and 20 times this concentration and preliminary tests
showed that no spontaneous nucleation and precipitation
occurred. These solutions were then sheared for 8 h. In this
way, the effect of low and high shear rates on
agglomeration under different conditions of ionic
concentration, particle concentration and particle size was
investigated.
Particle size analysis
Particle size was measured using a Galai CIS-100 Particle
sizer. A rotating prism scans a laser beam across the par-
ticle suspension. As the laser beam encounters a particle,
the beam is obscured for a time and measured by a
detector. The time of obscuration is measured and since the
rotary speed of the laser is known, the particle diameter can
be determined using the Laser Obscuration Time (LOT)
principle (Moes and Flash 2013). Due to direct particle size
measurement, in comparison to other optical techniques,
LOT is independent of material optical properties and
solution chemistry. The technique also does not assume
spherical particles. Particle sizes can be measured in the
range 0.1–300 lm and data are analysed for particle size
distribution, number (NMD) and volume (VMD) mean
diameters and particle concentration. Samples were taken
every 2 h and analysed in duplicate for size distribution.
Our analysis is based on Eq. 6. Integrating over the time








Since the initial and final particle concentrations as well
as the average particle size are measured and the time
known, we can calculate the average agglomeration rate, kN
from Eq. 10 and bN from Eq. 7. Using the empirical values




Since the aim of this study was to apply particle agglom-
eration in water or brines of similar carrying power, it was
important to first test the fluid’s suspension ability at the
required shear rates. Initial visual tests showed Baracarb-2
and -5 to be maintained in suspension even at the lowest
shear rates. Baracarb-25 settled out at shear rates below
275 s-1—a critical value for characterising behaviour—
see below. As a result these large particles were excluded
from further investigation in this study as we only deal here
with aqueous carrying power as outlined above. The
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suspension ability of the fluid is governed by factors that
include viscosity, particle size, and fluid velocity. There is
therefore potential for applications of larger particles at
higher shear rates or viscosified aqueous media. This is the
focus of future research and is not germane to the study
described here which focuses on small particle shear-
induced agglomeration potential in water-like media, i.e.
aqueous viscosities.
Figure 2 shows particle size evolution for Baracarb-5
over 8 h for three shear rates tested in the stirred cell.
Results are reported as a normalized number mean diam-
eter (NMD), dðtÞ=dð0Þ, since it is the number of particles
on which the agglomeration equation is based rather than
for example other standards such as volume or Sauter mean
diameters. The initial rates over the first 0–2 h support
Smoluchowski’s theory where the 500 s-1 shear case has
the highest initial growth and 100 s-1 the lowest. Increase
in size is also a linear function of shear rate at this stage.
These rates decrease as the solution becomes less saturated
and other disruptive mechanisms develop. This growth rate
decrease is seen most notably for the highest shear case,
500 s-1, where rapid growth over the first 2 h falls to
nearly zero equilibrating at 1.5 times initial size—the
lowest value for all cases tested. This is because larger
agglomerates are unstable as high shearing forces break
them apart.
For all cases, final particle size did not exceed 2 times
the initial number mean diameter. This indicates that the
smaller rather than larger particles in the size distribution
agglomerate. This is supported by Fig. 3 which shows a
particle size distribution for Baracarb-5 before and after
shearing at 275 s-1 for 8 h. The initial size distribution is
unimodal with a second peak developed after shearing. The
initial peak, centred on 1 lm, is reduced, indicating a
significant reduction in the number of particles in the
smaller size classes. The percentage of particles above
5 lm remains relatively unchanged suggesting that the
second peak is composed of agglomerates of the smaller
particles.
Sticking probability
The sticking efficiency / (Eq. 5) can be calculated by
comparing the measured agglomeration rate (Eq. 6) and
predicted shear-induced collision rate (Eq. 7). Figure 4
shows that the sticking efficiency /, i.e. the ratio of
observed mean agglomeration to orthokinetic collision rate
derived from Eq. 4, is negatively affected by fluid shear
and the duration thereof. These results agree with Mumtaz
and Hounslow (2000) in so far that the number of collisions
resulting in sticking is much lower than predicted and

















Fig. 2 Particle agglomeration for Baracarb-5 at initial concentration















 t = 0hrs
 t = 8hrs
Fig. 3 Particle size distribution for 0.25 g/l of Baracarb-5 before and
after shearing for 8 h at a = 10 and c = 275 s-1


















Fig. 4 Sticking efficiency as a function of shear rate c for different
time durations of test
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decreases for increasing shear. This can be explained by
hydrodynamic forces and collision contact time having a
significant effect in maintaining a newly formed ‘‘doublet’’
of two sticking particles. For higher shear, contact time is
reduced and sufficient precipitation cannot occur. In addi-
tion, the strength of the bond depends on bridging chem-
istry and electrostatic forces (Hounslow and Andreassen
2004) and, as time elapses, bridging ions are depleted. The
sticking efficiency decreases with shear rate (Fig. 4) but
also decreases with the time duration of shearing.
Even though sticking efficiency decreases with
increasing stirrer speed, we still observe increasing growth
as predicted by Smoluchowski. Figure 5 shows particle
NMD versus shear rate at different experimental times.
Over the first 2 h the agglomeration rate increases linearly
with shear rate. This means that the increase in collision
rates as a result of higher shear rates is enough to overcome
the lower sticking efficiency. As time progresses a peak
develops for the intermediate shear rate, 275 s-1. This is
due to lower collision rates in the low shear regime and
breakage in the high shear regime as discussed previously.
There is also a relatively larger drop in sticking efficiency
with time for the lower shear rates compared to higher ones
(see Fig. 4). This indicates that growth will slow even more
rapidly for low shear rates as time progresses. These
findings have positive implications for application in size
selective fracture blocking: lower wall shear rates (as found
in smaller fractures) will result in both lower collision rates
(Eq. 7) and a more significant drop in sticking efficiency as
shown in Fig. 4.
DLVO theory describes electrochemical sticking by
adding the repulsive forces, arising from a common particle
surface charge called the zeta potential, and the attractive
forces, arising from Van der Waals interactions between
particles of the same type (Elimelech et al. 1995). Both the
sign and magnitude of the zeta potential is a function of the
solid material and solution pH. Yates et al. (2008) found
that hetero-agglomeration, between two different mineral
types, resulted in larger particles than homo-agglomeration
studied here. This is due to the differences in magnitude
and sign of the zeta potential between two different mineral
types which lead to improved sticking efficiency. A similar
phenomenon can be seen in dishwashers where lime-scale
deposits on glassware. Due to the opposite zeta potential
surface charges of CaCO3 and SiO2 in the dishwasher
environment (Fuerstenau 1976), electrochemical attrac-
tions promote sticking of precipitated CaCO3 on glass
resulting in the white coating often seen. The manipulation
of these charges in subsurface environments through
changes in the pH and ionic concentrations can be used to
force particle–wall sticking. This is applicable to fractured
granite reservoirs, composed of mostly silicates, where a
zeta potential difference would exist between the fracture
surface and a CaCO3 particle.
Supersaturation/precipitation
Figure 6 shows the effect of varying the solution super-
saturation. At higher supersaturations the particle growth is
faster and reaches larger final particle sizes. This is due to
the availability of the solvated Ca2?/CO3
2- in the super-
saturated solution which forms the ‘‘glue’’ for enabling
colliding particles to stick. At a higher supersaturation
there are more ions in solution. However, the particle mass
concentration remains the same. There is therefore more
‘‘glue’’ per unit surface area in the form of ions available to
precipitate out and form interparticle connecting bridges.
For the same particle concentration, but with more ions in
the solution, the mass of solute depositing from solution


















Fig. 5 Normalized number mean diameter at different shear rates and
experimental time for 0.25 g/l of Baracarb-5 at a = 10

















Fig. 6 Normalized number mean diameter for 0.25 g/l of Baracarb-5
at different solution supersaturations after shearing for 8 h at
c = 275 s-1
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has a correspondingly larger effect. The same effect is
found for lower particle number concentrations at constant
supersaturation. Figure 7 shows Baracarb-5 particle growth
for two different mass concentrations, 0.25 and 2.5 g/l. In
this case the number of particles in the 2.5 g/l system is 10
times higher than that in the 0.25 g/l. The growth for lower
concentration is faster and reaches a larger final size due to
the higher ion to surface area ratio.
If we consider the effect of size on particle agglomer-
ation using Eqs. 2 and 3, for the same mass in solution, the




compared to that for particle size dj. This is because
of the higher number concentration of smaller particles. To
test this 0.25 g/l of Baracarb-2 and -5 were sheared sepa-
rately at the same supersaturation condition, a = 10. These
results are shown in Fig. 8 where initially the Baracarb-2
agglomerates at a faster rate due to the higher collision rate.
As time progresses however Baracarb-5 results in greater
agglomeration compared to Baracarb-2. This is due to the
reduced surface area-to-mass ratio for larger particles
compared to smaller ones which leads to a higher ion to
surface area ratio.
When applied to reservoir applications, these findings
indicate that manipulation of the chemical environment can
be a means to enhance particle–particle and particle–wall
sticking. Future investigation into solid surface charges
through ion concentration coupled with pH manipulation is
expected to further improve sticking.
Conclusion
1. Smaller size distributions agglomerate faster than lar-
ger ones.
2. The hydrodynamic effects formalized by Smoluchow-
ski are supported below a critical shear rate of 275 s-1
after which breakage dominates. (The shear process
arising from stirring increases the collision rate.)
3. Low particle number-concentration suspensions
agglomerate faster than higher ones when considering
the critical role of ion precipitation. This contradicts
Smoluchowski’s theory which does not take agglom-
eration chemistry into consideration.
4. The sticking efficiency is a function of the particle/
fluid chemistry. Factors such as surface charge and
supersaturation govern these effects.
5. Selective agglomeration controlled by shear rate and
chemistry manipulations can thus be induced in
particles flowing in the subsurface. The rates we found
were too low and final particle size too small for
immediate practical use.
6. Hetero-agglomeration (i.e. between two different
mineral types) would result in larger particles than
the homo-agglomeration studied here. This is the
subject of current investigations as exemplified by
application of dishwasher phenomena discussed above.
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